In modern cities, air pollution is thought to be mainly due to the exhaust of cars and trucks, in particular diesel engine vehicles, which emit much more nitrogen oxides and exhaust particles than do gasoline engine ones. Both nitrogen oxides and exhaust particles from motor vehicles are seriously harmful toward the human body, in particular the respiratory organs. Recently, danger of diesel exhaust particles (DEPs) has been realized. 1) DEPs are considered to be the causative agents of lung cancers and chronic obstructive pulmonary diseases.
Diesel Exhaust Particle-Induced Cell Death of Human Leukemic Promyelocytic Cells HL-60 and Their Variant Cells HL-NR6
8-Pentamethylchroman-6-ol (PMC) was synthesized as described previously. 13 ) Falcon 3-cm and 10-cm plastic plates were purchased from Becton Dickinson Labware (Lincoln Park, NJ, U.S.A.). One and half-milliliters and 2.0-ml plastic sampling tubes were obtained from Fukae Chemical Research Co. (Osaka, Japan) and Sarstedt AG (Nümbrecht, Germany), respectively. The other materials were obtained from ordinary commercial sources.
Cell Culture HL-60 cells were kindly provided by Prof. S. Kawanishi of Mie University. HL-NR6 cells were isolated as described previously. 12) HL-60 and HL-NR6 cells were cultivated under a humidified atmosphere of 5% carbon dioxide and 95% air at 37°C in 10-cm plastic plates containing a 6% FBS-supplemented RPMI1640 medium. Subcultivation and medium change were made appropriately. Cell counting was made using a Coulter counter (Model Z-1, Coulter Corporation, Hialeah, FL, U.S.A.). Cell viability was determined by the trypan blue dye exclusion test. 14) Total protein was quantified by the Coomassie Brilliant Blue staining method. 15) Exposure of Cells to DEPs A suspension of 2 mg/ml DEPs was prepared by sonication of 10 mg DEP in 5 ml of 0.0025% Tween 80-containing Earle's solution for 2 min at 50 W using a sonicator (Model 250 Sonifier, Branson Ultrasonic Corp., Danbury, CT, U.S.A.). One hundred fifty microliters of the DEP suspension was added to about 5ϫ10 5 cells in 150 ml Earle's solution in a 1.5-ml plastic sampling tube. Cells were incubated for 1.5 h or an appropriate period of time at 37°C and then centrifuged. After removal of the supernatant, 50 ml Earle's solution was added to the cell pellet obtained. The cells were suspended by gentle pipetting. The % survival of cells was determined.
Exposure of Cells to DEP Extracts Five gram DEPs were extracted serially with hexane, benzene, dichloromethane, methanol, and finally, 1 N ammonium hydroxide; for each extraction, the DEPs allowed to stand, with gentle starring, in 100 ml of a solvent for 1 h at room temperature and after removal of the solvent, they did again in another 100 ml of the same solvent. The residual DEPs were washed with water and dried in a desiccator. Each extract fraction was concentrated to dryness in vacuo and solubilized in methanol at a concentration corresponding to 20 mg/ml DEPs. Each extract fraction in methanol was diluted with Earle's solution to a concentration corresponding to 1 mg/ml DEPs. Cells were incubated with a DEP extract fraction at a concentration corresponding to 500 mg/ml DEPs in Earle's solution for 1.5 h at 37°C. The % survival of cells were determined.
Epifluorescence Microscopy Observations and photographs were made using an Olympus IX70 inverted microscope equipped with an Olympus IX-FLA epifluorescence attachment and an Olympus PM-30 automatic photomicrographic system (Olympus Optical Co., Ltd., Tokyo, Japan).
Observation of Apoptosis: In a 3-cm plastic plate, about 5ϫ10 5 cells were incubated with 1 ml of 50 mg/ml DEP suspension in Earle's solution for 12 h at 37°C. After centrifugation and removal of the supernatant, the cells were resuspended in Earle's solution, stained with 200 mM Hoechst dye 33342 for 15 min at 37°C and then with 50 mg/ml propidium iodide for 1 min at room temperature. After being washed with Earle's solution, the cells were visualized under illumination at 330-385 nm. 16) According to the method of Lee and Shacter, cells were classified to living cells and apoptotic cells. 16) Detection of Intracellularly Generated Reactive Oxygen Species: DCDDF-DA was solubilized in ethanol at a concentration of 15 mM and diluted in Earle's solution to 1 mM. 17) To cells at a density of about 1ϫ10 6 cells/ml in a 10-cm plastic plate containing 10 ml Earle's solution, 100 ml of 1 mM DCDDF-DA was added. The cells were incubated for 30 min at 37°C. After centrifugation and removal of the supernatant, the cells at a density of about 1ϫ10 6 cells/ml were exposed to 500 mg/ml DEPs in Earle's solution for 1.5 h at 37°C. The cells were visualized under illumination at 470-490 nm.
Quantification of Intracellularly Generated Reactive Oxygen Species Cells at a density of about 1ϫ10 7 cells/ml were incubated for 30 min at 37°C in a 10-cm plastic plate containing 10 mM DCDDF-DA in 10 ml Earle's solution. They were transferred into a 40-ml glass centrifuge tube and harvested by centrifugation and resuspended in Earle's solution. In a 1.5-ml plastic sampling tube, about 1ϫ10 6 cells were incubated with 500 ml of 0.5, 50, or 250 mg/ml DEP suspension for 1 h at 37°C, and then lysed by sonication for 10 s at 20 W. The lysate obtained was centrifuged at 10 4 rpm for 10 min. The fluorescence intensity of the supernatant was determined at an excitation wavelength of 510 nm and an emission wavelength of 534 nm using a Hitachi F2000 fluorescence spectrophotometer (Hitachi, Ltd., Tokyo, Japan). An experimental value of fluorescence intensity was obtained from the subtraction of the corresponding background value due to DEPs from an observed value.
Administration of DEP Cytotoxicity-Modulating Agents to Cells Superoxide Dismutase and/or Catalase: In Earle's solution, SOD and catalase were solubilized at concentrations of 1 and 0.8 unit/µl, respectively. About 5ϫ10 5 cells were suspended with 100 unit SOD and/or 80 unit catalase in a 1.5-ml plastic sampling tube containing 150 ml Earle's solution. To the cell suspension, 150 ml DEP suspension at a given concentration was added. The mixture was incubated for 1.5 h at 37°C. a-Tocopherol and 2,2,5,7,8-Pentamethylchroman-6-ol: aTocopherol or PMC was solubilized in ethanol at a concentration of 100 mM and then diluted in the FBS-supplemented RPMI1640 medium to appropriate concentrations. Cells were preincubated at a density of about 1ϫ10 6 cells/ml for 24 h at 37°C in a 10-cm plastic plate containing 10 ml of the 50 mM a-tocopherol-or PMC-supplemented medium and transferred into a 40-ml glass centrifuge tube. After centrifugation and removal of the supernatant, cells were washed with 5 ml Earle's solution. The cells obtained were resuspended in 150 ml Earle's solution and exposed to DEPs as described above.
L-Buthionine-(R,S )-sulfoximine: BSO was solubilized in the FBS-supplemented RPMI1640 medium at a concentration of 40 mM. Cells were preincubated at a density of about 1ϫ10 6 cells/ml for 24 h at 37°C in a 10-cm plastic plate containing 10 ml of the 40 mM BSO-supplemented medium. After centrifugation and removal of the supernatant, cells were washed with 5 ml Earle's solution. The cells obtained were resuspended in 150 ml Earle's solution and exposed to DEPs as described above.
Ethyl Reduced Glutathionate: EGSH was solubilized in the FBS-supplemented RPMI1640 medium at a concentration of 5 or 10 mM. Cells were preincubated at a density of about 1ϫ10 6 cells/ml for 4 h at 37°C in a 10-cm plastic plate containing 10 ml of the 5 or 10 mM EGSH-supplemented medium. After centrifugation and removal of the supernatant, cells were washed with 5 ml Earle's solution. The cells obtained were resuspended in 150 ml Earle's solution and exposed to DEPs as described above.
Quinacrine: Quinacrine was solubilized in Earle's solution at appropriate concentrations. Cells were preincubated at a density of about 1ϫ10 6 cells/ml for 15 min at 37°C in a 40-ml glass centrifuge tube containing 10 ml of 350 mM quinacrine-supplemented Earle's solution. After centrifugation and removal of the supernatant, cells were washed with 5 ml Earle's solution. The cells obtained were resuspended in 150 ml Earle's solution, mixed with 150 ml DEP suspension at a given concentration, and incubated for 30 min at 37°C.
Quantification of the Cellular Concentrations of Reduced Glutathione BSO-Preincubated Cells: Cells were incubated for 24 h at 37°C in a 10-cm plastic plate containing 8 ml of the FBS-supplemented RPMI1640 medium with 5, 10, or 20 mM BSO.
DEP-Preincubated Cells: Cells were suspended in 500 ml Earle's solution in a 2-ml plastic sampling tube. To the cell suspension, 500 ml DEP suspension at a given concentration was added. The mixture was incubated for 1.5 h at 37°C.
EGSH-Preincubated Cells: Cells were incubated for 4 h at 37°C in a 10-cm plastic plate containing 8 ml of the FBSsupplemented RPMI1640 medium with 5 or 10 mM EGSH.
Quantification of Reduced and Oxidized Glutathione: After BSO-, DEP-, or EGSH-preincubated cells were centrifuged, the cell pellet obtained was resuspended in 1 ml of 125 mM phosphate buffered saline containing 6.3 mM disodium ethylenediaminetetraacetate at pH 7.5. The cell suspension was sonicated for 10 s at 20 W and centrifuged. To the resulting supernatant, 15 ml of 10 M sodium hydroxide was added. The concentration of reduced and oxidized glutathione was quantified by the method of Griffith.
18)
Statistical Analysis Data are expressed as mean values with the corresponding standard deviations. Mean values were assessed for significance by Student's t-test. p-Values Ͻ0.05 were considered significant. Statistical analysis was performed using a Power Macintosh G3 computer (Apple Computer, Inc., Cupertino, CA, U.S.A.) with Stat-View SE software program (Abacus Concepts, Inc., Berkeley, CA, U.S.A.).
RESULTS

DEP Cytotoxicity
Inclusion of DEPs in culture media was toxic toward HL-60 cells (Fig. 1 ). All cells died during a 1.5 h-incubation with 750 mg/ml DEPs. Apoptosis occurred in the DEP-exposed cells (Fig. 2) , although typical DNA ladder formation was not observed (data not shown).
DEP Extract Cytotoxicity
DEPs were extracted serially with hexane, benzene, dichloromethane, methanol, and finally 1 N ammonium hydroxide. Each extract fraction was concentrated to dryness in vacuo and solubilized in methanol. Cytotoxicities of the extract fractions in methanol at a concentration corresponding to 500 mg/ml DEPs were examined. These cytotoxicities were much lower than those of DEPs and organic solvent-washed residual DEPs (Fig. 3) . Only the hexane fraction was found to be somewhat toxic.
Intracellular Generation of Reactive Oxygen Species due to DEPs When preincubated with the fluorescent probe DCDDF-DA and then exposed to DEPs, HL-60 cells emitted green fluorescence under blue illumination (Fig. 4) . DEPs increased the intensity of green fluorescence within the cells in a dose-dependent manner (Fig. 5) . The green fluorescence shows that reactive oxygen species are generated within the cells.
Inverse Correlation of DEP Cytotoxicity with Cellular Antioxidant Capacity HL-NR6 cells having higher antioxidant capacity were more resistant to DEP cytotoxicity than HL-60 cells (Fig. 1) . When HL-NR6 and HL-60 cells were exposed to 250 mg/ml DEPs, their % survivals were 59 and 38%, respectively. It has been found that in comparison with HL-60 cells, the superoxide dismutase and catalase activities of HL-NR6 cells are higher by 50% and their bcl-2 expression is enhanced 3 times.
12)
When 10-and 50-mM BSO-preincubated HL-60 cells were exposed to 250 mg/ml DEPs, their % survival decreased by 54.6 and 77.0%, respectively (Fig. 6 ). As shown in Fig. 7 , BSO decreased the cellular concentration of GSH in a dosedependent manner. For example, after preincubation of HL-60 cells with 10 and 50 mM BSO, their intracellular concentration of GSH was reduced by 84.3 and 94.6%, respectively.
On the other hand, when 10 mM EGSH-preincubated HL-60 cells were exposed to DEPs, their % survival increased by 95.6% (Fig. 8) . The administration of EGSH to cells increased the cellular concentration of GSH in a dose-dependent manner, because EGSH is incorporated into cells and hydrolyzed to GSH within the cells. For example, after preincubation of HL-60 cells with 5 and 10 mM EGSH, the intracellular concentration of GSH increased by 45.2 and 54.8%, respectively (Fig. 9) .
Decrease in the Intracellular Concentration of Re- duced Glutathione by DEPs When administered to HL-60 cells, DEPs decreased the cellular concentrations of reduced glutathione in a dose-dependent manner (Fig. 10) .
Effects of Antioxidant Enzymes and Antioxidants on DEP Cytotoxicity Inclusion of SOD and/or catalase in culture media had no effect on DEP cytotoxicity (data not shown).
The a-tocopherol model compound PMC was protective against DEP cytotoxicity. The % survival of HL-60 cells exposed to 250 and 500 mg/ml DEPs increased 1.4 and 15 times by treatment with 100 mM PMC, respectively (Fig. 11) . a-Tocopherol, butylated hydroxyanisol, ascorbic acid, reduced glutathione, and N-acetyl-L-cysteine had no effect on DEP cytotoxicity (data not shown).
Effect of Quinacrine on DEP Cytotoxicity Quinacrine, an endocytosis inhibitor, 19) decreased DEP cytotoxicity (Fig.   12 ). When HL-60 cells were preincubated with 350 mM quinacrine for 15 min and then exposed to 250 and 500 mg/ml DEPs for 30 min, their % survival increased by 56.5 and 60.3%, respectively.
DISCUSSION
Inclusion of DEPs in culture media is lethal to HL-60 cells. HL-NR6 cells, an HL-60 variant cell line, having higher antioxidant capacity than HL-60 cells are more resistant to DEP cytotoxicity. When preincubated with the fluorescent probe DCDDF-DA and then exposed to DEPs, HL-60 cells emit green fluorescence under blue illumination, indicating that reactive oxygen species are generated within the cells. The DEP cytotoxicity correlates inversely with the cellular concentration of reduced glutathione, which has been attenuated with BSO. Further, DEPs themselves decreased the cellular concentration of GSH. DEP cytotoxicity decreases in the presence of quinacrine, an endocytosis inhibitor. These results show that DEPs are cytotoxic and suggest that DEP cytotoxicity results from generation of reactive oxygen species from intracellular DEPs.
Hiura et al. reported that phagocytosis of DEPs by macrophages and macrophage-like cells, including rat pulmonary alveolar macrophages, murine RAW264.7 cells, and human THP-1 cells, leaded to induction of apoptosis and generation of reactive oxygen species, and that DEP extracts with organic solvents were able to induce apoptosis, while organic solvent-washed residual DEPs were unable to do so. 11) In HL-60 cells, both DEPs and organic solvent-washed residual DEPs were toxic but the DEP extracts were not so toxic (Fig. 3) . This discrepancy in the DEP effect on cells might result from differences between the characteristics of promyelocyte-like and macrophage-like cells and/or from the difference in the experimental conditions used. 360 Vol. 24, No. 4
Fig. 2. Photograph of Apoptotic HL-60 Cells Exposed to DEPs
Cells were exposed to 50 mg/ml DEPs for 12 h at 37°C and then stained with Hoechst dye 33342 and propidium iodide. The cells were visualized under illumination at 330-385 nm. Cells were classified to living cells (normal nuclei with blue chromatin), membrane-intact apoptotic cells (blue chromatin, which is condensed, marginated, or fragmented), and membrane-permeable apoptotic cells (red chromatin, which is condensed or fragmented). In the original photograph (original magnification,ϫ200), nuclei are blue or red (arrowheads).
Fig. 3. Cytotoxicities of DEP Extracts Toward HL-60 Cells
Cytotoxicities are shown as the % survival of cells incubated with each DEP extract fraction. DEPs were extracted serially with hexane, benzene, dichloromethane, methanol, and 1 N ammonium hydroxide. After removal of these solvents, each extract fraction was solubilized in methanol and diluted with Earle's solution. Cells were incubated at 37°C for 1.5 h with 500 mg/ml DEPs, 500 mg/ml organic solvent-washed residual DEPs, or a DEP extract fraction at a concentration corresponding to 500 mg/ml DEPs. Each column represents the mean value and standard deviation for three cell cultures.
Fig. 4. Detection of Intracellularly Generated Reactive Oxygen Species
Cells were incubated with (A) or without (B) 10 mM DCDDF-DA at 37°C for 30 min and then exposed to 500 mg/ml DEPs for 1.5 h at 37°C. The cells havng intracellularly generated reactive oxygen species were visualized under illumination at 470-490 nm. In the original photographs (original magnification, ϫ200), they are green.
(A) (B) Fig. 5 . Quantification of Reactive Oxygen Species Generated within DEPIncubated HL-60 Cells Cells were incubated with 10 mM DCDDF-DA for 30 min at 37°C and then exposed to 0.5, 50, or 250 mg/ml DEPs for 1 h at 37°C and then lysed by sonication. The fluorescence intensity of the supernatant of the lysate was determined at an excitation wavelength of 510 nm and an emission wavelength of 534 nm. Each column represents the mean value and standard deviation for three cell cultures. Each difference between a pair of means indicated by two different letters is statistically significant (pՅ0.05). Cells were preincubated with BSO for 24 h at 37°C and then exposed for 1.5 h at 37°C to DEPs in Earle's solution. Circles, squares, and triangles show the % survival of the control cells, the 10-mM BSO-preincubated cells, and the 50-mM BSO-preincubated cells, respectively. Each symbol represents the mean value and standard deviation for three cell cultures. An asterisk means that the difference between the value for the BSO-preincubated cells and the corresponding value for the untreated cells is statistically significant (pՅ0.05).
Tokiwa et al. reported that when DEP suspension was administered to mice intratracheally, the ratio of 8-hydroxyguanosine residue to guanosine residue in lung DNA increased, and further that this enhancing effect on DNA oxidation was due to residual DEP and not the DEP extracts with organic solvents. 20) These results are similar to ours (Fig. 3 ) in that residual DEP is more effective than the DEP extracts. In these cases, porous carboneceous particles absorbing heavy metals might behave as toxic agents.
DEP cytotoxicity toward HL-60 cells decreased in the presence of quinacrine (Fig. 12) , an endocytosis inhibitor. 19) It has been reported that RAW264.7 and THP-1 cells phagocytosed DEPs. 11) These observations show that DEPs are easily incorporated into cells by endocytosis and phagocytosis.
When preincubated with the fluorescent probe DCDDF-DA and then exposed to DEPs, HL-60 cells emitted green fluorescence under blue illumination (Fig. 4) . Further, DEPs increased this fluorescnece intensity in a dose-dependent manner (Fig. 5) . It has been reported that when preincubated with another fluorescent probe 2Ј,7Ј-dichlorodihydrofluorescin diacetate (DDF-DA) and then exposed to DEPs, RAW264.7 cells emitted green fluorescence under blue illumination.
11) Fluorescent probes DCDDF-DA and DDF-DA can easily be incorporated into cells and are cleaved by endogenous esterases. 21) Esterified DCDDF-DA and DDF-DA can not pass out of cells and are oxidized to the highly fluorescent compounds diacetoxymethyl 6-carboxy-2Ј,7Ј-dichlorodihydrofluoresceinate and 2Ј,7Ј-dichlorodihydrofluorescein, respectively, with reactive oxygen species, such as hydrogen peroxide, in the presence of peroxidase. 21) When incorporated into cells, thus, DEPs result in generation of reactive oxygen species.
HL-NR6 cells are more resistant to DEP cytotoxicity than HL-60 cells (Fig. 1) . HL-NR6 cells are valiant cells from HL-60 cells and have higher antioxidant capacity. As compared with HL-60 cells, the SOD and catalase activities of HL-NR6 cells are higher by 50% and their bcl-2 expression is enhanced 3 times. 12) This suggests that the SOD-catalase system may scavenge the superoxide radical and its dismutated product hydrogen peroxide. On the other hand, inclusion of SOD and/or catalase in culture media had no effect on DEP cytotoxicity toward HL-60 cells. This result may be explainable by the cell membrane impermeability of SOD and catalase.
BSO-preincubated HL-60 cells are more sensitive to DEP cytotoxicity than the untreated cells (Fig. 6) . BSO inhibits gglutamylcysteine synthetase, which catalyzes the biosynthesis of g-glutamylcysteine, a precursor of GSH. Thus, BSO decreases the cellular concentration of GSH in a dose-dependent manner (Fig. 7) . 22) Furthermore, EGSH-preincubated cells are more resistant to DEP cytotoxicity than the untreated cells (Fig. 8) . EGSH is a lipophilic derivative of GSH, and although some cell membranes are impermeable to GSH, EGSH passes through them and is hydrolyzed within cells to increase the cellular concentration of GSH (Fig. 9) . 22) Thus, EGSH acts as a GSH carrier across cell membranes. In addition, DEPs themselves were found to decrease the intracellular concentration of GSH in a dose-dependent manner (Fig.  10) . GSH is the first line of cellular antioxidant defense. These observations show clearly that DEPs give oxidative stress to cells through generation of reactive oxygen species.
N-Acetyl-L-cysteine had no effect on DEP cytotoxicity toward HL-60 cells (data not shown), although it is a cell membrane-permeable carrier of cysteine, which is a precursor of GSH. In contrast, it has been reported that N-acetyl-L-cysteine effectively inhibited induction of cell death in RAW264.7 and THP-1 cells. 11) This inconsistency in the effect of N-acetyl-L-cysteine on DEP cytotoxicity is not resolved yet.
Interestingly, inclusion of the a-tocopherol model compound PMC decreased DEP cytotoxicity toward HL-60 cells (Fig. 11) , although a-tocopherol itself had no effect (data not shown). Since a-tocopherol and the model compound are fat-soluble antioxidants, they can be incorporated into cells. It is presumed, however, that the former may be mostly trapped in cell membranes due to its long isoprenoid side chain and the latter may reach the cytosol. This may be the reason why their effects on DEP cytotoxicity differ. In addition, two water-soluble antioxidants, ascorbic acid and GSH, had no effect on DEP cytotoxicity (data not shown).
In summary, DEPs are incorporated into cells by endocytosis from culture media. Intracellular DEP catalyzes generation of reactive oxygen species including hydrogen peroxide, the superoxide radical, and probably the hydroxyl radical. The reactive oxygen species may induce apoptosis and damage biomolecules.
